1,2-sn-Diacylglycerols (DAGs) are activators of protein kinase C (PKC), which is involved in the regulation of colonic mucosal proliferation. Extracellular DAG has been shown to stimulate the growth of cancer cell lines in vitro and may therefore play an important role in tumor promotion. DAG has been detected in human fecal extracts and is thought to be of microbial origin. Hitherto, no attempts have been made to identify the predominant fecal bacterial species involved in its production. We therefore used anaerobic batch culture systems to determine whether fecal bacteria could utilize phosphatidylcholine (0.5% [wt/vol]) to produce DAG. Production was found to be dependent upon the presence of the substrate and was enhanced in the presence of high concentrations of deoxycholate (5 and 10 mM) in the growth medium. Moreover, its production increased with the pH, and large inter-and intraindividual variations were observed between cultures seeded with inocula from different individuals. Clostridia and Escherichia coli multiplied in the fermentation systems, indicating their involvement in phosphatidylcholine metabolism. On the other hand, there was a significant decrease in the number of Bifidobacterium spp. in the presence of phosphatidylcholine. Pure-culture experiments showed that 10 of the 12 strains yielding the highest DAG levels (>50 nmol/ml) were isolated from batch culture enrichments run at pH 8.5. We found that the strains capable of producing large amounts of DAG were predominantly Clostridium bifermentans (8 of 12), followed by Escherichia coli (2 of 12). Interestingly, one DAG-producing strain was Bifidobacterium infantis, which is often considered a beneficial gut microorganism. Our results have provided further evidence that fecal bacteria can produce DAG and that specific bacterial groups are involved in this process. Future strategies to reduce DAG formation in the gut should target these species.
Colon cancer is one of the most common causes of mortality in Western civilization (25) . Studies have shown that certain environmental factors, especially a diet high in fat and meat, may play a significant role in the risk of the development of colon cancer (36) . However, the mechanisms by which such diets affect its incidence have not been determined, although it is considered that a high fat intake results in an increased generation of secondary bile acids through activities of the gut bacteria. Hill et al. (19) showed increased levels of secondary bile acids in the feces of patients with colon cancer. Many subsequent studies have attempted to explain this relationship, and increased levels of secondary bile acids have been associated with enhanced cell proliferation and the activity of ornithine decarboxylase, a rate-limiting enzyme in polyamine synthesis (8) . They have also been shown to stimulate protein kinase C (PKC), an enzyme that plays a key role in growth control and signal transduction (22) . PKC is normally activated by endogenous 1,2-sn-diacylglycerol (DAG) released from membrane phospholipids (27) . However, exogenous DAG can stimulate intracellular signaling pathways, inducing mitosis in adenoma, and some carcinoma, cells in vitro (14) . Thus, increased levels of exogenous DAG can also be considered a tumor-promoting risk factor. Morotomi et al. (31) showed that human fecal bacteria generated DAG when they were incubated with phosphatidylcholine and secondary bile salts. They proposed that bacteria expressing phospholipase C would be capable of such a conversion and that this was dependent upon the presence of secondary bile acids. Several studies have shown that a high-fat diet results in increased fecal concentrations of DAG (7, 35, 39) . The interaction of DAG with PKC is thought to be stereospecific and stimulated only by DAG with a 1,2-sn configuration (33) . DAG produced from the action of digestive or hepatic lipases upon dietary triacylglycerides does not share such stereospecificity (30) .
The large intestine is by far the most heavily colonized part of the human body, with several hundred culturable species of bacteria, whose numbers can exceed 10 12 per g of dry matter (10) . These bacteria are able to produce a wide range of compounds that have been found to exert both positive and negative effects on gut physiology and host health (16) . Given the diversity and number of bacterial species found in the human large intestine, it is plausible that DAG found in the feces is a result of microbial activity. The aims of this study were to quantify 1,2-sn-DAG production in phosphatidylcholine fermentations inoculated with fecal material obtained from healthy individuals and to assess the effects of enhanced DAG levels on the major bacterial groups found in the colon.
MATERIALS AND METHODS

Chemicals.
Unless otherwise stated, all chemicals and reagents were obtained from Sigma-Aldrich Co. Ltd. (Poole, United Kingdom) and bacteriological growth medium supplements were obtained from Oxoid Ltd. (Basingstoke, United Kingdom).
Preparation and collection of fecal samples. Fecal samples were obtained from six healthy human volunteers (two males and four females; age range, 25 to 43; mean age, 30) on two separate occasions. None of the volunteers had been prescribed antibiotics for at least 6 months prior to the study or had any history of gastrointestinal disease. The samples were collected on site and used immediately after collection. A 1/10 (wt/vol) dilution in anaerobic phosphate buffer (0.1 M, pH 7.4) was prepared, and the samples were homogenized in a stomacher for 2 min.
Batch fermentations. Sterile stirred batch culture fermentation vessels (300 ml) were filled with 135 ml of sterilized basal nutrient medium (peptone water, 2 g/liter; yeast extract, 2 g/liter; NaCl, 0. .0]) with or without 0.5% (wt/vol) phosphatidylcholine and were gassed overnight with O 2 -free N 2 . Prior to the addition of the fecal slurry, the temperature was controlled at 37°C by means of a circulating water bath, and the culture pH was maintained at 6.8, 7.5, and 8.5 in separate vessels by use of an Electrolab pH controller. The vessels were inoculated with 15 ml of fresh fecal slurry and continuously sparged with O 2 -free N 2 at a rate of 15 ml/min. Samples (5 ml) from each vessel were obtained for culture on selective agars, for fluorescence in situ hybridization, for analyses of short-chain fatty acids (SCFA) by high-performance liquid chromatography, and for DAG measurements. The batch cultures were run for 48 h, and samples were taken at the start and end of the incubations (T0 and T48).
The effect of deoxycholic acid (DCA) was assessed in fermentors under the same conditions described above, with 0.5% (wt/vol) phosphatidylcholine added to the medium. The only difference was that the bile salts in the basal medium were replaced with 1.2, 2.5, 5, or 10 mM DCA, which was filter sterilized at the appropriate concentration and added after autoclaving. Batch cultures were run in duplicate. The production of DAG was assessed for 48 h, with samples taken after 4, 8, 10, 24, and 48 h.
Selective agar culture. Samples (1 ml) were serially diluted in half-strength peptone water in an anaerobic cabinet (10% H 2 , 10% CO 2 , 80% N 2 ). Triplicate plates, with media that were selective for populations of total anaerobes, total aerobes, bacteroides, bifidobacteria, lactobacilli, clostridia, or coliforms, were inoculated from each dilution tube. The agars used were those described by Wang and Gibson (46) . They were incubated at 37°C aerobically or anaerobically, as appropriate. After incubation, the bacterial populations were enumerated and individual colonies were randomly removed for confirmation of culture identities. These were subcultured onto fresh agar, checked for purity by Gram staining, and stored at Ϫ70°C.
Bacterial enumeration. Differences in bacterial populations were assessed by fluorescence in situ hybridization with oligonucleotide probes designed to target diagnostic regions of 16S rRNA. These were commercially synthesized and labeled with the fluorescent dye Cy3 (Eurogentec UK Ltd.). The probes used were Bif164 (26), Bac303 (29), Lab158 (18), Erec482 (13), His150 (13), Ec1531 (37), and Srb687 (11), specific for bifidobacteria, bacteroides, Lactobacillus and Enterococcus spp., the Clostridium coccoides-Eubacterium rectale group, the Clostridium histolyticum group, Escherichia coli, and Desulfovibrio spp., respectively. For total bacterial counts, the nucleic acid stain 4,6-diamidino-2-phenylindole (DAPI) was used. Samples obtained from fermentation vessels were diluted in 4% (wt/vol) paraformaldehyde and fixed overnight at 4°C. The cells were then centrifuged at 1,500 ϫ g for 5 min, washed twice with phosphate-buffered saline (0.1 M, pH 7.0), resuspended in a mixture of phosphate-buffered saline and 99% ethanol (1:1), and stored at Ϫ20°C for at least 1 h. The cell suspension was then added to the hybridization mixture and left to hybridize at the appropriate temperature for each probe (11, 13, 18, 26, 29, 37) . The resultant mixture was washed and vacuum filtered through a 0.2-m-pore-size Isopore membrane filter (Millipore Corporation, Watford, Herts, United Kingdom). The filter was removed, placed onto a glass slide with SlowFade (Molecular Probes, Eugene, Oreg.), and examined by fluorescence microscopy (Nikon Eclipse E400 microscope). The DAPI-stained cells were examined under UV light, and hybridized cells were viewed by use of a DM510 filter. For each slide, at least 15 different fields of view were counted. The following equation was used to calculate the number of bacteria: number of bacteria ϭ log 10 [15.56 ϫ A1 ϫ 14,873.74 ϫ (1,000/S1)], where 15.56 is the dilution factor, A1 is the average count derived from 15 fields of view, 14,873.74 is the area of the field of view, and S1 is the sample size expressed in microliters. The number of cells obtained is expressed per milliliter of culture.
Analysis of SCFA. The production of lactic, acetic, propionic, and butyric acids during fermentations was quantified. Samples were centrifuged at 1,500 ϫ g for 15 min, and the resultant supernatants were used for analysis. A model 1801 UV high-pressure liquid chromatograph (Bio-Rad) with an integrated oven compartment (50°C) and data system was used in combination with a differential refractometer (Knauer). The column was a prepacked Aminex HPX-87-H strongcation-exchange resin column (150 by 7.8 mm [internal diameter]) fitted with an ion exclusion microguard refill cartridge (Bio-Rad). Samples (25 l) were injected via a sample loop valve. The eluent used was 0.005 M sulfuric acid.
Assay of 1,2-sn-DAG production. In order to quantify DAG, we first extracted the lipid fraction of the culture supernatants by a modification of the Bligh-Dyer technique, using chloroform-methanol-water (5) . Briefly, chloroform (1.25 ml) and methanol (2.5 ml) were added to 1 ml of sample and vortexed thoroughly. A further 1.25 ml of chloroform and 1.25 ml of water were added, and the liquid was thoroughly mixed. The lower chloroform phase was removed and the aqueous phase was reextracted twice. Pooled lower phases were evaporated to dryness under oxygen-free nitrogen, and lipids were redissolved in 500 l of chloroform prior to storage at Ϫ20°C. These extracts were then assayed for physiologically relevant ( Identification of DAG-producing bacteria. Isolates were subcultured on Wilkins-Chalgren plates and checked for purity before they were screened. Screw-top bottles (20 ml) were filled with the basal nutrient medium described above supplemented with 1% (wt/vol) phosphatidylcholine as a substrate (pH 8.5), autoclaved at 121°C for 15 min, left overnight in an anaerobic cabinet, and seeded the following day with a 1% inoculum of individual bacterial strains. In total, 198 bacterial isolates obtained from the fermentation work described above were screened for DAG production. The cultures were incubated (anaerobically) for 48 h, after which samples were removed for measurements of the final culture pH and the DAG concentration (as described above). Strains that were positive for DAG production were then identified by 16S rRNA gene sequencing.
PCR and sequencing of 16S rRNA-encoding genes of strains. DNAs were extracted with InstaGene matrix (Bio-Rad). The 16S rRNA genes were amplified by PCRs performed according to the method of Hoyles et al. (21) , using ϳ10 ng of DNA, and partial sequencing was performed with an automated DNA sequencer (model 373A; Applied Biosystems) and a Taq Dye-Deoxy Terminator cycle sequencing kit (Applied Biosystems) using primer ␥ (MWG Biotech) (21) . The partial sequences were subjected to BLAST searches via the EMBL web site to confirm the identities of the strains.
Statistical analysis. Differences in all of the results were analyzed with Student's paired t test.
RESULTS
The ability of gut bacteria to produce DAG was assessed by batch culture fermentations of 0.5% (wt/vol) phosphatidylcholine. Replicate fermentors were run at three different pH values to simulate different physiological conditions of the gut during health and disease. Namely, pH 6.8 was used to approximate healthy gut contents, and pH 7.5 and pH 8.5 were used because they are indicative of many diseases, including bowel cancer (4, 40) .
Production of 1,2-sn-DAG by fecal bacteria. The in vitro production of DAG at pHs 6.8, 7.5, and 8.5 is shown in Fig. 1 . The amounts of DAG in the initial samples (T0; immediately after inoculation) were similar across all of the pHs. However, there was a reproducible trend toward more DAG production at pH 8.5 than at pH 6.8 or 7.5. DAG concentrations rose in all vessels containing phosphatidylcholine after a 48-h fermentation. No DAG was identified in the absence of phosphatidylcholine (control) after a 48-h fermentation. This finding was consistent at all pH values examined and indicated either that The extent of DAG production is illustrated in more detail in Fig. 2 , which shows the levels after 48 h of fermentation for each run. These data clearly demonstrate both interindividual and intraindividual variation in DAG production in vitro, suggesting that the composition of the microbiota may play as important a role in DAG production as the pH. Data for subjects 1, 2, and 6 were consistent between runs and across the three pH levels examined, with only slight increases in DAG levels during fermentation (compared to the T0 levels) (data not shown), which were generally independent of the pH. In contrast, inocula from subjects 3, 4, and 5 produced significantly higher DAG levels (P Ͻ 0.01, 0.01, and 0.05, respectively) after 48 h of fermentation at pH 8.5, and fecal bacteria from one individual (subject 4) showed an increased ability to produce DAG at pH 7.5 (P Ͻ 0.05).
Effect of phosphatidylcholine on bacterial populations and production of lactic, acetic, propionic, and butyric acids. Overall, the total bacterial counts and levels of lactobacilli-enterococci decreased significantly (P Ͻ 0.01) in all fermentations, irrespective of the culture pH and the presence or absence of lipids (Table 1) . Concurrently, E. coli numbers increased in all systems and the numbers of Desulfovibrio spp. increased (P Ͻ 0.01) in all vessels except for the phosphatidylcholine fermentations run at pH 8.5, compared to initial levels. Bifidobacterial numbers decreased (P Ͻ 0.01) in the presence of phosphatidylcholine compared to the initial levels and controls at all pH levels tested. Bacteroides levels were broadly similar under all conditions. C. histolyticum levels increased (P Ͻ 0.01) during batch cultures with phosphatidylcholine. A similar increase was seen for C. histolyticum in the control fermentation at pH 6.8 (P Ͻ 0.05). C. coccoides-E. rectale levels remained relatively stable during fermentation, with the only notable difference between T0 and T48 occurring at pH 6.8 in the absence of lipids (lower at T48; P Ͻ 0.05).
In general, the reduction in total bacterial counts was significantly larger in control systems than in those containing phosphatidylcholine (P Ͻ 0.05). Levels of lactobacilli-enterococci were significantly higher (P Ͻ 0.05) in fermentations run at pH 8.5 without phosphatidylcholine than in those with lipids. The culture pH had a lesser effect on bacterial populations than did the presence of lipids. Batch cultures containing phosphatidylcholine and run at pH 8.5 contained higher numbers of the C. coccoides/E. rectale group after 48 h of fermentation than the cultures run at pHs 6.8 and 7.5 (P Ͻ 0.01). Similarly, the numbers of the C. histolyticum group were significantly higher at T48 in lipid vessels operated at pH 8.5 than in those operated at pH 6.8 (P Ͻ 0.05). However, control vessels run at pH 6.8 contained unusually high levels of C. histolyticum which were significantly higher (P Ͻ 0.01) than the control levels for both pHs 7.5 and 8.5. The only other significant difference with respect to pH was seen in the E. coli populations in the presence of phosphatidylcholine between pHs 7.5 and 8.5 (P Ͻ 0.05).
An examination of the relative proportions of each bacterial group, taking into account the decrease in total bacterial numbers during all fermentations, revealed a slightly different trend in the data (Fig. 3) . In the case of the bifidobacterial population, for example, the presence of lipids resulted in an overall reduction in numbers while the control systems maintained initial bifidobacterial numbers. However, the relative proportion of bifidobacteria remained stable during the 48-h fermentation in the presence of lipids and increased significantly in the controls (P Ͻ 0.01 for pHs 6.8 and 7.5). LactobacillusEnterococcus proportions decreased in the presence of phosphatidylcholine (P Ͻ 0.05 for pH 6.8 and P Ͻ 0.01 for pHs 7.5 and 8.5) while remaining constant in the controls. In the cases of all of the other bacterial populations examined, the proportions increased during the 48-h fermentation period. The only   FIG. 1 . Production of 1,2-sn-DAG by fecal bacteria in batch culture fermentations run at pHs 6.8, 7.5, and 8.5. Fecal samples were collected from six individuals on two separate occasions and were incubated with 0.5% (wt/vol) phosphatidylcholine and 135 ml of basal nutrient medium in batch culture systems at 37°C. Control fermentors contained no phosphatidylcholine. Samples were obtained at time zero and after 48 h of incubation, and lipids were extracted prior to the measurement of DAG by use of a commercially available kit. The data presented are mean values of initial DAG levels (T0) and levels after 48 h of fermentation with and without phosphatidylcholine.
FIG. 2. 1,2-sn-DAG production by fecal bacteria in batch culture fermentations, measured at the end of the phosphatidylcholine run. Fecal samples were collected from six individuals (numbers 1 to 6) on two separate occasions (a and b) and were incubated with 0.5% (wt/ vol) phosphatidylcholine and 135 ml of basal nutrient medium in batch culture systems at 37°C. DAG production was measured after 48 h of fermentation. F, pH 8.5; s, pH 7.5; OE, pH 6.8.
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on June 21, 2017 by guest http://aem.asm.org/ effects of pH on bacterial distribution were seen in the presence of lipids. The C. coccoides/E. rectale group comprised a larger proportion of the microbiota at pH 8.5 than at pHs 6.8 and 7.5 (P Ͻ 0.05), C. histolyticum made up a larger part at pH 8.5 than at pH 6.8 (P Ͻ 0.05), and the E. coli proportion was higher at pH 7.5 than at pH 6.8 (P Ͻ 0.05).
The levels of metabolic end products such as SCFA increased during fermentations, regardless of the presence of lipids or the pH, with the only exception being a significant reduction in butyrate in control cultures at pHs 7.5 and 8.5 (P Ͻ 0.05) ( Table 2) . Similarly, a reduction in lactic acid levels was observed in all fermentations, regardless of the pH or the presence of lipids.
Identification of DAG-producing bacteria. Thirty-four of the 198 strains screened for DAG production failed to grow in medium containing 1% (wt/vol) phosphatidylcholine and were discarded. In contrast, 12 organisms produced concentrations in excess of 50 nmol/ml in pure culture and were subsequently characterized by partial 16S rRNA gene sequencing. Of the remaining isolates, 5 produced only trace amounts of DAG and 147 yielded between 8.1 and 42.9 nmol/ml (average, 26.2 Ϯ 7.9 nmol/ml). Clostridium bifermentans was the predominant species identified, comprising 8 of the 12 high DAG producers (Table 3 ). Other bacterial isolates that were shown to be high DAG producers were E. coli, Bifidobacterium infantis, and an isolate that was most closely related to an uncultured rumen FIG. 3 . Mean bacterial proportions in all samples over the experimental period for pHs 6.8, 7.5, and 8.5, as determined by fluorescence in situ hybridization. Population proportions are expressed as percentages of total bacteria. The inocula were human feces (1% [wt/vol]), and the incubations were carried out in batch cultures for 48 h with phosphatidylcholine as the main substrate at a concentration of 0.5% (wt/vol). Control fermentors did not contain phosphatidylcholine. a, significantly different from the initial sample (P Ͻ 0.05); b, significantly different from the initial sample (P Ͻ 0.01); c, significantly different from the T48 control (P Ͻ 0.05); d, significantly different from the T48 control (P Ͻ 0.01); e, significantly different from the T48 sample at pH 7.5 (P Ͻ 0.05); f, significantly different from the T48 sample at pH 8.5 (P Ͻ 0.05). bacterium. Ten of the 12 high DAG producers originated from phosphatidylcholine fermentations at pH 8.5, with the other two coming from pH 7.5 systems. Interestingly, those strains which were isolated from the pH 7.5 batch culture systems produced notably less DAG than those from pH 8.5 fermentors. Four of the high DAG producers were isolated from batch cultures inoculated with a fecal slurry from subject 5, three each were isolated from subjects 3 and 4, and two were isolated from subject 2.
All cultures of C. bifermentans strains had a final culture pH of 6.9, except the one isolated from the pH 7.5 fermentor, which produced less DAG and reduced the pH of the culture medium to 7.2. Similarly, an E. coli strain that was shown to produce more DAG reduced the medium pH to 6.8, whereas the E. coli strain that produced less DAG had a final culture pH of 7.2. The uncultured rumen bacterium and the B. infantis strain yielded final culture pHs of 7.0 and 7.8, respectively. These results suggest that 11 of the strains (all but the B. infantis strain) were able to metabolize lipids or to ferment other components in the medium. More DAG was produced by those strains that were able to reduce the pH of the medium to neutral, suggesting that the ability to produce DAG in pure culture could be closely related to substrate solubility and utilization. However, this was not the case for B. infantis, which produced high levels of DAG without any marked reduction in the pH of the culture medium. It is not clear whether the B. infantis strain was able to metabolize lipids (producing DAG) or whether phosphatidylcholine stimulated DAG yields by another route.
Effect of DCA on DAG production. No DAG was detected at any of the pH values tested when the bile salts in the basal medium were replaced with DCA at the same concentration (i.e., 1.2 mM DCA) (Fig. 4a) . It is not clear why this amount of DCA had an inhibitory effect upon DAG production. However, at higher concentrations, the production of DAG was markedly increased, although a significantly higher (P Ͻ 0.01) DAG concentration after 48 h compared to that shown in Fig.  1 was only seen with 10 mM DCA. Maximum DAG production was achieved by 24 h, after which the DAG levels declined (P Ͻ 0.01). This was consistent for all pH levels used and all DCA concentrations examined, suggesting that either fecal bacteria reduce DAG over time or DAG is unstable. The observation that pH appears to be an important factor affecting the rate of DAG production (Fig. 1) was corroborated. DAG production again increased with a higher culture pH (P Ͻ 0.01 for 5 mM DCA and P Ͻ 0.05 for 2 and 10 mM DCA). Furthermore, DAG production was also affected by the DCA concentration. A significantly smaller (P Ͻ 0.01) amount of DAG was generated with 2 mM DCA, at all pH levels tested, than was generated with 5 or 10 mM DCA. Overall, DCA appeared to en- a The sequences were submitted as BLAST searches via the EMBL website (http://www.ebi.ac.uk), and anything over 98% recognition was accepted as identity.
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hance DAG production at higher concentrations, with the optimum being about 5 mM under these conditions.
DISCUSSION
The principal aim of these studies was to determine whether human fecal bacteria could produce DAG in vitro. The results demonstrate that this is possible when phosphatidylcholine is used as a substrate. However, the data also indicate the potential of the gut flora to elicit deleterious fermentations under certain conditions. Bacterial fermentation is often considered one of the most important factors in determining the colonic pH, and this work demonstrates that pH has a direct effect upon DAG levels, with an increase in pH resulting in a significant elevation of the DAG level. One reason for this may be that phosphatidylcholine is a neutral phospholipid and, as such, requires a neutral or slightly alkaline pH for its solubility. It has been demonstrated that the degradation of phosphatidylcholine is negligible below pH 7 (31) . However, the increased levels of DAG were not only determined by the culture pH. The addition of DCA to the medium also increased DAG production, with an optimum concentration of 5 mM DCA, in line with similar observations from previous studies (34) . The effect of DCA and other bile acids on DAG production is, however, not fully understood. One hypothesis is that bile acids act simply as detergents, increasing the solubility of phospholipids. However, studies that examined this relationship found that DAG production was effective only in the presence of bile acids and that other detergents that are known to solubilize phosphatidylcholine in the reaction medium, such as Triton X-100, had no such stimulatory effect (32) . Morotomi et al. (31) suggested that the steric feature of a hydrophobic domain containing two hydroxyl groups in DCA and the amphiphilic character of these groups were responsible for the enhancing effect. No studies have examined this relationship in detail, and as such, the precise mechanism for the involvement of bile acids, and especially DCA, remains unknown. The biological significance of this finding, however, is that secondary bile acids are found in the lumen of the large intestine at a concentration of 2.4 mM in healthy individuals (20) . In individuals who have a tendency to develop cancer, such as those consuming a high-fat diet, the concentration of DCA can be even higher (17) . Therefore, the potential to create within the large intestine an environment that would enhance the production of DAG exists.
The results presented in this article demonstrate both interand intraindividual variations in DAG production in vitro. It is essential not only to have the appropriate conditions for DAG production but also for bacteria capable of this transformation to be present. This finding strongly supports the suggestion that the composition of the microbiota plays an important role in human health. Inter-and intraindividual variations in bacterial composition, enzyme activities, moisture, and pH in healthy individuals have been previously demonstrated, regardless of DAG production (23) . Moreover, variations in fecal DAG content have been demonstrated in vivo, and it has been suggested that this is due to changes in the proportion of bacterial species possessing phospholipase C, an enzyme involved in DAG conversion (31) .
In this study, bacteria that were capable of producing considerable amounts of DAG were identified as predominantly C. bifermentans and E. coli. The activity of phospholipase C was not assessed, but it is well known that C. bifermentans possesses phospholipase C activity (45) . Moreover, C. bifermentans has been associated with colonic and hematological malignancies (24, 41) and is also known to produce a 7␣-dehydroxylase enzyme (2, 12) . Bacterial 7␣-dehydroxylase catalyzes the removal of the 7␣-hydroxyl group from primary bile acids to form secondary bile acids (28) . Thus, C. bifermentans has the ability to create a favorable environment for enhanced DAG production. Indeed, one of the reasons that primary bile acids were used in the medium for the majority of the experiments in this study was the fact that the conversion to secondary bile acids occurs naturally under appropriate conditions (i.e., the presence of bacteria and an optimal pH of 7 to 8) (28) .
There are several potential mechanisms for the production of DAG from phosphatidylcholine during fermentations by the fecal microbiota. Increased DAG levels may reflect an exchange of exogenous phospholipids with those of the bacterial cell membrane. For example, E. coli does not contain phosphatidylcholine in its membrane but has other phospholipids, such as phosphatidylethanolamine (PE), phosphatidylglycerol, and diphosphatidylglycerol. The outer membrane exclusively contains PE, which is a neutral lipid, as is phosphatidylcholine (9) . Studies have shown that the incubation of E. coli with PE results in the production of DAG (38) . Although no studies have shown that phosphatidylcholine exerts a similar effect, the exchange of phospholipids between E. coli and the environment has been established (15) . Additionally, membrane incorporation of phosphatidylcholine has been demonstrated for bacteria that are unable to produce this phospholipid naturally (3) . Cell lysis may also occur, releasing enzymes (such as phospholipase A) (9) which are capable of hydrolyzing substrates such as phosphatidylcholine (44) to yield DAG. Furthermore, DAG may be formed during the synthesis of membrane-derived oligosaccharides (42) . The present study did not attempt to elucidate the mechanisms of DAG production.
The observation that B. infantis has the potential to generate DAG was unexpected, as this bacterium is thought to be among the beneficial bacteria present in the colon (16) and because higher fecal DAG levels are associated with an increased risk of colon cancer. Indeed, the ability of the majority of isolates from the phosphatidylcholine fermentations to produce DAG was somewhat of a surprise (80.3% of the bacteria produced Ն8.1 nmol/ml). One explanation may be that the experimental procedure was selective for isolation of the predominant species. Alternatively, enrichment may have occurred, making these strains better adapted to a lipid environment and thus able to produce DAG. We propose that many bacterial species are involved in DAG production to varying degrees (beyond those identified herein) and that together the consortia contribute to overall DAG production. One such species would most certainly be Clostridium perfringens, which has been shown to possess phospholipase C activity (43) and which has the ability to produce DAG in pure culture (34) . Of course, it is not unexpected that we did not isolate C. perfringens, as it generally comprises Ͻ1% of the colonic microbiota of healthy individuals (13) . C. perfringens may, however, play an important role in DAG production in subjects with a compromised gut ecology (including colon cancer patients or subjects at risk for colon cancer) (6) .
One interesting observation from the present work was that DAG levels declined over time. DAG can be hydrolyzed to yield fatty acids and monoacylglycerols in a reaction catalyzed by DAG kinase (44) . Therefore, it is feasible that certain bacteria may be involved in this degradation (31) . Moreover, it was observed that bacteria classified as high DAG producers can be isolated from certain individuals (subject 2 in the present study) from an environment in which overall DAG production is not significant. This perhaps suggests that certain individuals may possess DAG-degrading bacteria as well as DAG producers. This may explain the inability of 34 isolates (17.5%) to produce DAG in pure culture.
In addition, the present studies have shown that the presence of phosphatidylcholine, as well as the pH, had more of an effect upon the population levels of beneficial groups of bacteria, namely bifidobacteria and lactobacilli, than on the other groups assessed. Counts for both of these groups significantly decreased, and not surprisingly, levels of lactic acid were low in the fermentations. Clostridial levels generally increased during phosphatidylcholine fermentation, and since neither of the probes used to enumerate levels of clostridial subgroups in this study included C. bifermentans (the most commonly isolated high DAG producer), it is quite possible that the total clostridium count was an underestimate.
High fat intake is one of the major dietary links with the risk of developing colon cancer. In healthy adults, approximately 95% of the fat consumed is digested and absorbed, leaving only 5% to enter the colon and potentially be utilized by gut bacteria. A high-fat diet increases the fecal excretion of phospholipids such as phosphatidylcholine to levels as high as 400 mg/day (1), elevating fecal levels of DAG, Ͼ90% of which is in the 1,2-sn configuration (35) . Therefore, it is not unreasonable to assume that, given the diversity of potential substrates, sufficient DAG will be produced by fecal bacteria to activate PKC and to inappropriately stimulate cell proliferation. The evidence presented here suggests that more DAG is produced at higher colonic pHs, a condition found in individuals who have a tendency to develop tumors. Therefore, DAG production by fecal bacteria and its subsequent modulation of PKC form a credible hypothesis for the mechanism whereby diets high in fat can be detrimental to the distal gut.
The evidence presented here suggests that phospholipid metabolism by gut bacteria is detrimental to beneficial bacteria such as lactobacilli and bifidobacteria. It is well known that more acidic environments are favorable to these bacteria. Thus, increasing numbers of such organisms (and/or their activity) would potentially benefit the health of individuals who are predisposed to a higher-than-normal colonic pH. This not only would have the effect of decreasing the amount of DAG produced but would also exert several other benefits that such bacteria are known to possess, including anticarcinogenic properties and stimulation of both the host immune response and host resistance to pathogens.
